The aim of this study was to characterize changes in ovarian follicle dynamics in relation to changes in hormone secretion in heifer calves from birth to 8 months of age. The position and diameter of ovarian follicles \m=ge\4mm in diameter were recorded, the number of ovarian follicles \m=ge\2mm in diameter counted, and blood samples collected daily for periods of 18 days, starting at 2, 8, 14, 24 and 34 weeks of age in ten heifers. The mean age at first ovulation was 52.8 \ m=+-\1.6 weeks. At all ages ovarian follicular development occurred in a wave-like manner, as in mature cattle. The maximum diameter of the dominant and the largest subordinate follicles increased between 2 and 34 weeks of age (P < 0.05); however, the greatest increase occurred between 2 and 8 weeks of age. There was a similar increase in the numbers of small and large ovarian follicles (P < 0.05). The duration of detection of dominant follicles (number of days visible at a diameter of \m=ge\4 mm) also increased between 2 and 34 weeks of age (P < 0.05). The emergence of waves of follicular development was preceded by peaks in plasma FSH concentrations (P < 0.05) at 2 weeks of age but this was less clear at other ages. There was a rise in circulating concentrations of gonadotrophins between 4 and 14 weeks of age. We concluded that in heifer calves as young as 2 weeks of age ovarian follicles grew in a wave-like fashion, similar to those of adult cattle. We speculate that the early rise in gonadotrophin secretion stimulated the increase in numbers of follicles and follicle diameters observed, indicating an early critical step in reproductive development.
Introduction
Transrectal ultrasonography was used to show that follicular growth in adult cows occurs in waves (Pierson and Ginther, 1988; Savio et al, 1988; Sirois and Fortune, 1988 ); a group of antral follicles emerge synchronously and one dominant follicle grows to a diameter greater than that of the other (subordinate) follicles (Adams et al, 1992) . In cattle, most oestrous cycles comprise two or three waves of follicular development, with the dominant follicle of the last wave ovulating (Ginther et al, 1989b ).
In some studies, wave-like patterns of follicular growth have not been demonstrated in prepubertal heifers, where follicular wave definitions were based on describing changes in numbers of follicles between different days (Rajakoski, 1960; Ginther et al, 1989a; Knopf et al, 1989) . In other studies, a well-ordered wave pattern of follicular development has been documented in prepubertal heifers as young as 8 months of age (Adams et al, 1994) , but few changes in follicle dynamics were apparent from 8 months of age to first ovulation (Evans et al, 1994) .
In studies with slaughtered heifer calves (Erickson, 1966;  Desjardins and Hafs, 1969) there was an increase in the total number of antral follicles from birth until 4-6 months of age.
Thereafter, it was suggested that there was either a decrease in the numbers of ovarian follicles until 12 months of age (Desjardins and Hafs, 1969) , or that the population of follicles remained constant well into maturity (Erickson, 1966) . Some studies in heifer calves have shown that serum concentrations of LH and FSH were low during the first month after birth, increased to a peak value at 3-4 months of age, and then decreased to 6 months of age (Schams et al, 1981; Evans et al, 1992) . However, others have noted that serum LH and FSH concentrations decreased from birth to about 15 weeks of age and then increased to 39 weeks of age (Dodson et al, 1988) . It has been suggested that an early rise in gonado¬ trophin secretion, before 6 months of age in heifer calves, may be a critical early step in postnatal sexual development (Evans et al, 1992) and that this may stimulate an increase in the number of ovarian follicles, as described in studies with slaughtered animals (Desjardins and Hafs, 1969; Erickson, 1966) .
No systematic ultrasonographic study of ovarian follicular dynamics has been done in young heifer calves from birth to 8 months of age, and patterns of gonadotrophin secretion are unclear. The objective of the present study was to use periods of daily transrectal ovarian ultrasonography to describe the pattern of ovarian follicular growth from birth to 8 months of age. We also attempted to clarify the patterns of gonado¬ trophin secretion over this period and relate them to changes in ovarian follicular dynamics.
Materials and Methods

Animals
Ten age-matched (born 30 March ± 3 days) Hereford heifer calves were weighed every 4 weeks and were suckled at pasture until weaning at 26 weeks of age. From 26 weeks of age they were kept in a corral and provided, ad libitum, with brome-alfalfa hay, water and a ground concentrate ration (by mass, 21% barley, 51% hay, 22% straw and 0.005% of a 1:1 calcium phosphorus mineral mix).
Examinations and blood collection
Daily ultrasound examinations were conducted for periods of 18 days starting at 2, 8, 14, 24 and 34 weeks of age. The observation periods were expected to encompass the emer¬ gence of two consecutive waves of follicular development (Adams et al, 1994) . During each period of observation, the ovaries of each heifer were examined by transrectal ultrasono¬ graphy using a B-mode scanner and a 7.5 MHz linear-array transducer (Aloka SSD-500, Overseas Monitor Corporation Ltd, Richmond, BC). At 2 and 8 weeks of age a rigid transducer (30 cm 1.6 cm), designed for transrectal prostate examination in humans, was used and manipulated externally to allow imaging of the reproductive tract. At 14 and 24 weeks of age, a longer rigid transducer was needed; a 40 cm length of polyethylene tubing (15 mm o.d., 12 mm i.d.), cut along its length, and a 38 cm brass rod (5 mm diameter) were there¬ fore taped around the cord of a standard I-shaped 7.5 MHz linear-array transducer, usually used for transrectal examin¬ ations in adult animals. At 34 weeks of age, the heifers were large enough to allow ultrasound examinations by intrarectal placement of a gloved hand holding the transducer. Each day the position and diameter of individually identified follicles > 4 mm in diameter were recorded on a diagram, and the number of follicles > 2 mm in diameter were counted, as described for late prepubertal heifers by Adams el al (1994) and for sexually mature heifers by Knopf el al (1989 
Radioimmunoassays
All samples were analysed, in duplicate, for concentrations of LH and FSH by validated radioimmunoassay (Rawlings et al, 1984; Evans el al, 1992) . LH concentrations are expressed in terms of NIDDK-bLH4, and the range of the standard curve was from 0.06 to 8 ng ml~\ The sensitivity of the LH assay was 0.1 ng ml" (defined as the lowest concentration of unlabelled LH capable of displacing iodinated LH from the first antibody, < 0.05). The intra-and interassay coefficients of variation (CVs) were 10% and 13%, or 6% and 11% for reference sera, with mean LH concentrations of 0.29 ng mlõ 
Analysis of data
To determine whether follicular development occurred in waves, daily changes in the total number of follicles > 4 mm in diameter were assessed in relation to the growth and regres¬ sion of the largest follicle, as described by Ginther et al. (1989a) and Adams et al (1994) . Total numbers of follicles were aligned to the mean day of emergence of successive large antral follicles and included 3 days before the day of emergence.
Periodic increases (P < 0.05) in the numbers of follicles, in association with the growth of a large follicle, followed by a decrease (P < 0.05) in numbers of follicles, during the period of maximum diameter of the largest follicle, were taken as a wave-like pattern of follicular development. If a wave-like pattern was observed, the largest follicle of a wave was defined as the dominant follicle and the follicles emerging at the same time, but attaining a smaller diameter, were defined as sub¬ ordinate follicles (Ginther el al, 1989a). Daily plasma concen¬ trations of LH and FSH were normalized with the follicle data to the days of emergence of successive dominant follicles (Adams el al, 1992; Adams et al, 1994) .
Those growth profiles of dominant follicles that were seen in their entirety at each age were divided into growing, static and regressing phases (Ginther et al, 1989a) . The growing phase extended from the day of emergence (day before it first exceeded 4 mm in diameter) to the day that it appeared to stop its progressive increase in diameter. The regressing phase was defined as the period from when the follicle was first observed to decrease in diameter until it was first detected at 4 mm in diameter. The static phase was defined as the period between the end of the growing phase and the beginning of the regressing phase (Ginther et al, 1989a) . The duration of detection of dominant follicles was defined as the number of days that a dominant follicle was seen in the ovary from the beginning of the growing phase (at 4 mm in diameter) to the end of the regressing phase (at 4 mm in diameter). Interwave intervals were defined as the number of days between the emergence of successive dominant follicles. Follicles were also classified into three size ranges, small (3-5 mm diameter), medium (6-8 mm diameter) and large (9 mm diameter and larger) follicles. The ratio of the diameter of the largest subordinate to the dominant follicle was also calculated.
The characteristics of the pulsatile secretion of LH and FSH were determined using PC-Pulsar (J. Gitzen and V. Ramirez, University of Illinois, USA). Standard deviation criteria of height (G values) and duration were used for pulse detection (Merriam and Wächter, 1982) .
Statistical analyses
All data were analysed for the effect of time using multivariate and univariate repeated measures analysis of variance (SAS Version 6.07, SAS Institute Inc., Cary, NC), with degrees of freedom set by the Greenhouse, Geyser, Epsilon adjust¬ ment. If main effects were significant, multiple comparisons were made using the method of Tukey (Honestly Significant Difference) for post-ANOVA multiple comparisons (P < 0.05). All data are presented as means + sem and the probability in parentheses represents the main effects in the analysis of
Results
On the basis of plasma progesterone concentrations (> 3.2 nmol l1), the mean age at puberty was 52.8 + 1.6 weeks of age at a bodymass of 386.7 ± 12.7 kg. The mean gain in mass from birth to puberty was 6.7 ± 0.3 kg per week. All the heifers had an initial apparent short luteal phase of 7 days or less.
Ovarian follicles
At all ages there were periodic (P < 0.05) increases in the total numbers of ovarian follicles > 4 mm in diameter, tem¬ porally associated with the growth of large ovarian follicles (2 week old data; Fig. 1 ). No ovulations or corpora lutea were observed during any period of ultrasound examination. There was an increase with age in the mean number of small, medium and large follicles (P< 0.001; Fig. 2 ). The number of both small and medium sized follicles increased from 2 to 14 weeks of age (2.8 ± 0.5-17.7 ± 2.0 follicles and 0.9 ± 0.1-1.7 ± 0.1 follicles, respectively), but did not change thereafter until 34 weeks of age (17.7 ± 2.0-13.6 + 1.9 follicles and 1.7 ± 0.1-1.6 + 0.2 fol¬ licles, respectively; Fig. 2 ). Numbers of large ovarian follicles increased from 2 to 34 weeks of age (0.2 + 0.1-1.1 + 0.1 follicles; Fig. 2 ). The maximum diameter of the dominant follicles increased between 2 and 34 weeks of age (8.5 + 0.3-11.9 ± 0.3 mm, < 0.0001); however, the maximum diameter of the largest subordinate follicles increased from 2 to 14 weeks of age (6.0 + 0.3-7.0 + 0.2 mm) and remained constant there¬ after (7.1 ± 0.2 mm at 34 weeks; Fig. 2 ). The ratio of the diameters of the largest subordinate to that of the dominant follicles showed a tendency to decrease with age but the effect was not significant (P = 0.07; 71 ± 3% at 2 weeks old and 61 ± 3% at 34 weeks old).
There was no change in the duration of the growth phase (P=0.08), the static phase (P=0.13) or the regression phase (P=0.79, Table 1 ) of the dominant follicle among ages; however, the time when the dominant follicle could be detected did increase from 2 to 34 weeks of age (P<0.05, Table 1 ). As the heifers matured, there was no change in the growth rate (1.4 ± 0.2 mm day-1) or regression rate (1.2 ± 0.1 mm day " ') of the dominant follicles (P> 0.05). The interwave interval showed a significant main effect of time Fig. 2 . Mean ( ± sem, = 10) serum concentrations of (a) LH and (b) FSH in heifers bled weekly from 2 to 26 weeks of age and every 2 weeks from 26 to 36 weeks of age. (c) Numbers of small ! . 3-5 mm in diameter), medium (t, 6-8 mm in diameter) and large follicles (D, > 9 mm in diameter; P< 0.001 in each category) and (d) the maximum diameter of the dominant (A, P< 0.0001) and largest subordinate follicles ( , < 0.004) in heifers at 2, 8, 14, 24 and 34 weeks of age, as determined by transrectal ultrasonography. Numbers of small and medium sized follicles increased from 2 to 14 weeks of age (P < 0.05). Numbers of large follicles and the maximum diameter of dominant follicles increased from 2 to 34 weeks of age (P < 0.05). The maximum diameter of the largest subordinate follicle increased from 2 to 14 weeks of age (P < 0.05). ( < 0.05); however, Tukey's multiple comparisons did not reveal differences between ages (Table 1) .
Hormone concentrations
Oestradiol concentrations in serum, associated with the end of the growing phase of the dominant follicles, tended (P < 0.09) to increase with age (Table 1) . Some increase in serum concentrations of FSH was apparent before the emer¬ gence of waves of follicles in this study; however, significant peaks were seen only in 2-week-old heifers (P < 0.01; Fig. 1 ). No significant changes in LH concentrations in serum were detected in association with follicular waves at any age (P> 0.50; 2 week data Fig. 1 ). Similarly, no changes in plasma progesterone concentrations were detected in association with waves of follicular development at 34 weeks of age (mean 0.29 + 0.13 nmol \~\P> 0.70). On the basis of serum samples collected weekly and every 2 weeks of age, concentrations of FSH changed significantly with time (P<0.02), but LH concentrations did not (P<0.2).
However, when the values were blocked into four week intervals, concentrations of FSH at 10-13 weeks of age were greater than those between 14-17 and 22-36 weeks of age (P < 0.001), and LH concentrations at 6-9 weeks of age were greater than those between 2-5 and 14-32 weeks of age (P< 0.001).
Mean and basal FSH concentrations were greater at 5 and 10 weeks of age than at 15 and 35 weeks of age (P < 0.05) (Fig. 3 ). There was a significant effect of time (P < 0.05) on both LH pulse frequency and basal LH secretion; however, multiple comparisons between means did not show differences between ages (Fig. 3 ).
Discussion
The wave-like pattern of follicular development seen in our heifers at all ages was similar to that seen in adult cattle (Savio el al, 1988; Knopf et al, 1989) al, 1993) . In the heifers in our study, FSH concentrations in serum appeared to increase before the emergence of waves of follicular development; however, significant changes in FSH secretion were seen only in 2-week-old heifers. In adult cows (Adams et al, 1992; Adams et al, 1993) and late prepubertal heifers (Adams et al, 1994; Evans et al, 1994) , serum concen¬ trations of FSH reach a peak before the emergence of waves of follicular growth.
Despite the increase seen in the maximum diameter of the dominant and largest subordinate follicles, as the heifers grew, there was a tendency for a decrease in the ratio between the diameter of the largest subordinate and dominant follicles between 2 and 34 weeks of age. This may reflect an increase in the strength of dominance of the dominant follicle over subordinate follicles as the heifers became older. Between 2 and 34 weeks of age, there were no significant changes in the duration of either follicle growth, or the static or regression phases of the dominant follicles. There was an increase in the duration of detection of the dominant follicles with age (P < 0.05, Table 1 ); this probably reflected the additive effects of small and non-significant increases in the duration of the growing, static and regression phases with age. Hence, as the heifers matured, ovarian follicles grew and persisted on the ovary for longer. Desjardins and Hafs (1969) observed an increase in the number of large and small ovarian follicles ( > 5 and < 5 mm diameter) from birth to 4 months of age. A similar pattern was seen in the present study. The marked increase seen in the number of small ovarian follicles from birth to 3 or 4 months of age in our study paralleled an increase in superovulatory frequency of LH (D) and FSH ( ) in heifers (n = 5) bled every 15 min for 12 h at 5, 10, 15, 25 and 35 weeks of age. Significant differences between ages for each hormone are shown by different letters (P < 0.05). There was a significant effect of time (P < 0.05) for basal LH concentrations and LH pulse frequency; however, multiple comparisons did not show differences between ages. maximum follicle size were seen among follicular waves as heifers approached first ovulation.
The endocrine data in this study support previous findings that there is an early rise in gonadotrophin secretion between 2 and 5 months of age in prepubertal heifers (Schams et al, 1981; Evans et al, 1992) . On the basis of a previous study, we expected the early rise in gonadotrophin secretion to be due to an increase in pulse amplitude (Evans et al, 1992) ; however, the apparent changes in LH pulse amplitude with age did not reach significance in the present study. A physiological role for the early rise in gonadotrophin secretion has not yet been ascribed. A similar increase has been reported in the developing bull calf (Rawlings et al, 1978; McCarthy et al, 1979; Evans et al, 1993) and it has been suggested that it may aid normal testicular growth and development (McCarthy et al, 1979; Amann and Walker, 1983 ). In the present study, the most marked increases in maximum follicle diameter and total numbers of follicles were between 2 and 14 weeks of age, coincident with the time that gonadotrophin secretion was high. Similar increases in numbers of follicles in ovaries collected at slaughter (Erickson, 1966; Desjardins and Hafs, 1969) and after ovariectomy (Dodson et al, 1989) have been observed. We speculate that increased gonadotrophin secretion in young prepubertal calves stimulates an increase in follicular activity, and may aid the enhancement of the organized ovarian cyclicity that persists throughout reproductive life. Cohen et al (1987) found that the treatment of calves from birth with steroid-releasing implants reduced pregnancy rates once the animals were mature; how¬ ever, treatment from six months of age had no effect. The steroid-releasing implants may have decreased gonadotrophin secretion during a critical early period of development and led to improper maturation of the reproductive system, highlighting the importance of a correct endocrine balance in young prepubertal heifers.
The regulation of the early rise in gonadotrophin secretion is unclear. The cessation of the early rise may be due to the establishment or enhancement of negative feedback regulation of gonadotrophin secretion by ovarian products (oestradiol and inhibin). These could have been produced in increasing amounts by enhanced gonadotrophin stimulation of large ovarian follicles. This hypothesis is consistent with ovariec¬ tomy experiments, where it was concluded that an ovarian inhibitory mechanism, controlling gonadotrophin secretion, develops between 2 and 12 weeks of age (Dodson et al, 1989) .
Both follicular fluid oestradiol concentrations (Dodson et al, 1989 ) and plasma oestradiol concentrations (present study) showed a tendency to increase with age. Between 2 and 8 weeks of age it was shown that there was an increase in the functional capacity of granulosa cell membranes (in terms of an increase in in vitro adenylate cyclase activity) in response to gonadotrophin stimulation (Wandji et al, 1992) . Hence, about the time of the early rise in gonadotrophin secretion, there appears to be a qualitative change in ovarian follicular function as well as an increase in the number and diameter of antral follicles.
In conclusion, ovarian antral follicles develop in a wave-like fashion in calves as early as 2 weeks of age; this pattern resembles that seen in adult cattle. Waves of follicular devel¬ opment appeared to be preceded by peaks in serum FSH concentrations, but these were only significant at 2 weeks of age. Serum concentrations of LH and FSH were high between 2 and 14 weeks of age, when numbers of ovarian follicles and maximum diameters of follicles increased. We suggest that the early rise in gonadotrophin secretion plays an important role in stimulating ovarian follicle growth in heifers, and follicular products may be involved in terminating the early rise in gonadotrophin secretion. The time of the early rise in gonadotrophin secretion may reflect a critical developmental stage in the reproductive maturation of heifer calves.
